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ABSTRACT 
  The southern part of Chattanooga, TN has been subject to dumping of industrial 
waste for over 100 years. Chattanooga Creek flows north through this area to the 
Tennessee River. The dumping of coal tar and other industrial waste in this area has lead 
to the contamination of Chattanooga Creek and soil of the surrounding floodplains. Many 
polycyclic aromatic hydrocarbons (PAHs) are found in these areas, specifically the 16 
PAHs the EPA and ATSDR consider to be priority pollutants. The close proximity of 
residents to contaminated sites in southern Chattanooga initiated an assessment of the 
potential human health risks. The research presented herein is part of this larger 
assessment. The results of a concomitant study indicated significantly higher levels of 
soil PAHs in South Chattanooga as compared to a reference site in northern Georgia. An 
assessment of bioavailability and exposure was conducted using indigenous small 
mammals (Peromyscus gossypinus). This assessment showed that PAHs are bioavailable 
to small mammals and they are being exposed to these contaminants. The present study 
examined PAH-DNA adduct formation as an indication of specific PAH exposure in 
small mammals inhabiting contaminated and reference sites. Preliminary results suggest 
more BPDE-DNA adducts are present in mice from the reference site population than the 
contaminated site, possibly indicating increased detoxification of PAHs or repair of DNA 
damage in mice from the contaminated site. Further validation of this data is warranted. 
Potential population-level effects of these PAHs were also measured by evaluating 
changes in genetic diversity. The results of the genetic diversity study show a general 
trend of homogeneity in the contaminated populations. It also shows that in terms of gene 
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differentiation, the populations in the contaminated sites were significantly different from 
the reference populations. Overall, the present study found indications of higher level 
effects of contamination in small mammals, but further research is needed to complete 
this health risk assessment. 
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Chapter I 
INTRODUCTION 
 Chattanooga Creek flows from northern Georgia through southern Chattanooga, TN 
to the Tennessee River. Chattanooga Creek and the surrounding neighborhoods will be 
collectively referred to as South Chattanooga, herein. Many industries including 
tanneries, wood preserving plants, and textile plants used Chattanooga Creek as a 
dumping ground for over 100 years (Belka 2005). One major contributor to the 
contamination of the creek is the coal carbonization (coking) industry. Coal carbonization 
is a process of intensely heating coal to remove gases. The main product of this process is 
coke, which burns at very high temperatures and is used in other industrial processes. The 
byproducts of coking are coke-oven gases and coal tar. Coal tar contains a mixture of 
many types of PAHs. The International Agency for Research on Cancer identifies several 
PAHs as probable or known carcinogens (IARC 2006). PAHs can be metabolized in the 
body and covalently bind with DNA forming adducts that are capable of causing genetic 
damage. Unregulated amounts of coal tar were dumped into the Chattanooga Creek and 
surrounding area in South Chattanooga for decades (USEPA 2008). Water flow and 
periodic flooding distributed PAHs into the aquatic and terrestrial environments.  
 In the late 1950s and early 1960s land in the highly industrialized South 
Chattanooga was purchased by the government to relocate hundreds of families for the 
construction of Interstate 24 as part of the city’s urban renewal project (Gibson 1957). 
The area where the families were relocated is a mixture of industrial and residential areas 
including neighborhoods, schools, and parks. An EPA-funded study in 1999 found that 
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PAHs and heavy metals were relatively high in Chattanooga Creek, as well as in the soil 
of private and public areas around the creek (Wells 2000). This caused great concern for 
those residents living in South Chattanooga. One area of particular concern has been the 
Tennessee Products site.  
 The Tennessee Products plant was a coking plant along Chattanooga Creek that 
operated from 1918 to 1987 and released coal tar into the creek (USEPA 2008). The 
Tennessee Products site, including the plant property and an adjacent 2.5 mile stretch of 
the creek, was placed on the National Priority List in 1995 as a Superfund site. In 1996, 
this Superfund site classification was changed to only include the portion of Chattanooga 
Creek, not the plant site (CDM Federal Program Corporation, 1999). The unregulated 
dumping of coal tar at this site and the dumping of other waste throughout South 
Chattanooga has lead to the contamination of Chattanooga Creek and the surrounding 
floodplains. The EPA deemed PAHs the main contaminant of concern in the creek bed 
because they were present at levels that would cause unacceptable risk to those 
chronically exposed (USEPA 2002). The EPA administered multiple cleanup efforts at 
this Superfund site. Phase I of the cleanup began in 1997 and was completed in 1998, and 
Phase II began in 2005 and was completed in 2007. These efforts removed a total of more 
than 107,000 tons of sediment from the creek channel that was relocated off site (USEPA 
2008). These efforts have now been completed and a Final Close Out Report has been 
accepted for this site as of September 26, 2008 (USEPA 2008).  
 Even though cleanup efforts have been made in South Chattanooga, the history and 
current condition of this area leave its residents concerned that they are still facing health 
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risks from the contamination in and around Chattanooga Creek. Flooding in past years 
and continued dumping of waste makes these floodplains a continued concern for those 
living in close proximity of the contaminated sites (ATSDR 2006). These concerns lead 
NIH to fund a study by Richards et al. (2004) to assess the potential health risks to these 
residents. 
 In 2004 a study began to examine the scope of PAH contamination across South 
Chattanooga and the bioavailability of these contaminants to mammals. This research and 
the present study were conducted to meet the goals of a larger NIH funded study 
evaluating the potential health risks of PAH contamination to residents of South 
Chattanooga. The previous research quantified PAH contamination at sites throughout 
South Chattanooga (Hussar 2007). It also quantified biological markers indicative of 
PAH and metal exposure in indigenous mice (cotton mouse, Peromyscus gossypinus) 
collected from three contaminated sites (Campbell et al. 2006).  
 The Hussar (2007) study evaluated total PAH and BaP soil concentration (Tables 1-
2) at 20 sites throughout South Chattanooga. Concentrations for 16 priority PAHs were 
determined for each sample by GC/MS (gas chromatography-mass spectrometry) then 
summed for a total PAH value for each site. Three different sampling events were 
conducted; only the five most contaminated sites were sampled at the third event (Tables 
1-2), four of which were further examined in the present study. Toxic equivalency factors 
(TEFs) were also calculated (Table 3). TEFs express total carcinogenic PAHs in terms of 
Benzo[a]pyrene (BaP) equivalents; BaP is considered the most hazardous PAH and is 
assigned a value of 1.0. All other PAHs are less toxic than BaP and are expressed as a 
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fraction of 1 (e.g., benzo[a]anthracene 0.1) (USEPA 1993). The soil concentrations of 
individual PAHs were converted to relative TEFs and summed (∑TEF).  
 The results of the Husar et al. (2007) study indicate significantly elevated PAH soil 
concentrations in South Chattanooga when compared to a relatively uncontaminated 
reference site upstream from the contaminated sites. The four contaminated sites with the 
highest concentrations of PAHs were Glover Site (GS), Charles A. Bell School (CBS), 
Calvin Donaldson Elementary School drainage ditch (CDED), and Dobbs Branch at 
Cannon St/HWY 24 (DB24) (Figure 1). These were further examined in the current 
research. Those four sites were found to have higher soil concentrations of BaP than post-
Hurricane Katrina soil in New Orleans, LA (Presley et al, 2006; Hussar 2007). A 
correlation between total PAHs and BaP concentrations in the Husar et al. (2007) study 
suggests that BaP analysis could be used to predict total concentrations of PAHs. Also, a 
stronger correlation between BaP and TEF than total PAH indicates that BaP is a 
consistent representative of carcinogenic PAHs in soil (Hussar 2007). 
 The Campbell et al. (2006) study evaluated exposure of small mammals to the 
PAHs present in the soil in South Chattanooga. This was done by measuring 
Ethoxyresorufin O-deethylase (EROD) activity in Peromyscus gossypinus (cotton 
mouse). EROD activity is a validated, highly sensitive in vivo biomarker of uptake and 
exposure to PAHs (Whyte and Tillitt 2000). Cytochrome P450s (CYP450s) are enzymes 
that metabolize PAHs, and increased EROD activity indicates an induction of CYP450 
(Whyte and Tillitt 2000). The biomarker results from the contaminated sites were 
compared to an uncontaminated reference site approximately 2.5 miles upstream (south) 
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and away from the industrial sector. The mice from the contaminated sites had 
significantly higher CYP450 activity than those from the reference site (Figure 2; 
Campbell et al. 2006). Although polychlorinated biphenyls (PCBs), volatile organic 
compounds (VOCs), dioxins, and furans are also known to induce CYP450s (Billet 
2008), the fact that the induction of CYP450s directly correlated with the soil 
concentration of total PAHs and BaP suggests that the induction was due to PAH 
exposure (Figure 2; Campbell et al. 2006). The soil contamination and associated 
physiological responses were greater in South Chattanooga when compared to the 
relatively pristine reference site.  
 The findings of Hussar (2007) and Campbell et al. (2006) have triggered the need to 
further examine PAH exposure in South Chattanooga, as well as potential effects of this 
exposure. 
Study Objectives 
  The overall goal of this research was to measure the potential for PAH exposure 
(adduct formation) and PAH effects (genetic variation). The first objective was to 
measure PAH exposure in small mammals inhabiting PAH contaminated sites. This was 
performed using an immunohistochemical staining technique to characterize levels of 
PAH-DNA adducts in liver tissue of mice from sites in South Chattanooga, TN. These 
levels were compared to those in mice from relatively uncontaminated reference sites in 
northern Georgia. The second objective was to conduct a pilot study on potential 
population-level effects of PAH exposure by measuring changes in genetic variability in 
these same mice. Microsatellite marker analysis was used to compare genetic variation in 
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contaminated sites (South Chattanooga, TN) to that in uncontaminated reference sites 
(northern Georgia).  
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Chapter II 
 
IMMUNOHISTOCHEMICAL DETECTION OF PAH EXPOSURE IN SMALL 
MAMMALS INHABITING SOUTH CHATTANOOGA, TN 
 
Introduction  
Polycyclic Aromatic Hydrocarbons 
 Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous environmental 
contaminants. These chemicals are products of the incomplete combustion of organic 
compounds and are usually in mixtures of two or more types of PAHs. They can be found 
in tobacco smoke, charbroiled foods, as well as in certain industrial byproducts (e.g. coal 
tar from coking). Many of these compounds can be hazardous to humans and other 
animals, some of them increasing risk of cancer (ATSDR 2006). There are sixteen PAHs 
the EPA considers priority pollutants. They are: Naphthalene, Acenaphthalene, 
Acenaphthene, Fluorene, Phenanthrene, Anthracene, Fluoranthene, Pyrene, 
Benzo(a)anthracene, Chrysene, Benzo(a)pyrene, Benzo(b)fluoranthene, 
Benzo(k)fluoranthene, Benzo(g,h,i)perylene, Indeno(1,2,3-cd)pyrene, and 
Dibenz(a,h)anthracene (Enzminger 1987). 
 The body has many defense systems to provide barriers against toxicants and 
contaminants. However, when a contaminant such as a PAH gets through those barriers 
and permeates the plasma membrane it still has several steps to go through before it will 
cause specific detectable exposure response (Figure 3). Once across the plasma 
membrane PAHs may bind to an aryl hydrocarbon (Ah) receptor (AhR) (Denison and 
Heath-Pagliuso 1998). The PAH-AhR complex undergoes a transformation, and can then 
translocate into the nucleus of the cell. Here it is further transformed and associates with 
8 
 
other factors to be converted into the DNA binding form of the contaminant (Denison and 
Heath-Pagliuso 1998). Once the PAH is biotransformed and binds to DNA this is called a 
PAH-DNA adduct. DNA adducts can be detected, and used as evidence of exposure to a 
specific contaminant. Unless repaired, these DNA modifications can result in mutation 
when misread during replication in actively dividing cells. Some of these mutations may 
have deleterious effects on the organism.   
 The repair of DNA damage is complex. DNA repair can occur via regulation of 
DNA replication and cell cycle progression, or by other pathways that directly repair 
damaged DNA (Tang et al. 2002). For example, the nuclear excision repair (NER) 
pathway is one of two major excision pathways of DNA repair (Tang et at. 2002). This 
pathway entails recognition of DNA damage, excision of the portion of DNA containing 
the adduct, and DNA synthesis and ligation to replace the strand of DNA removed 
(Lindahl et al. 1999). There are many different genes and pathways that can be involved 
in DNA repair, and many genetic and environmental factors that can alter those genes 
and pathways (Miller et al. 2001). 
 EPA and ATSRD consider PAHs contaminants of concern to residents in South 
Chattanooga, TN due to the high concentrations at which they are present in this area 
(Richards 2004). There have been reports of various other contaminants present that were 
not quantified including, VOCs, dioxins, and furans (ATSDR 1994, USEPA 2002). These 
diverse compounds can all trigger induction of CYP450 in organisms (Billet 2008). An 
induction of this enzyme was seen in previous research done in South Chattanooga, and a 
correlation was seen between PAH contaminant levels and the induction of CYP450s 
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(Campbell 2006). Due to this correlation and the concern about the high concentrations of 
PAH contaminants, the research presented here is concentrated on assessing specific 
PAH exposure in small mammals. Wild populations of mice (P. gossypinus) were used as 
surrogates for human exposure, as a worst-case scenario, to avoid false negatives in the 
evaluation of potential health risks to residents of South Chattanooga.  
Biomarkers of Exposure and Effects 
 Measurement of genotoxic biomarkers may give indications of individual 
responses to genotoxic contaminants and an improved assessment of organismal fitness 
(Bickham and Smolen 1994). Biomarkers are used throughout toxicology as indicators of 
toxicant exposure or effects (Forbes et al. 2006). Biomarkers may respond very 
specifically to a particular toxicant, or generally to many toxicants. Those biomarkers that 
respond to a specific toxic insult are most useful for determining exposure or effects. 
DNA damage caused by BPDE can be measured and is specific to that contaminant, 
making it possible to evaluate the extent to which surrogate small mammals in South 
Chattanooga have been exposed to BaP. Since BaP is somewhat ubiquitous in the 
environment, it is necessary to measure background levels of response to exposure in a 
reference population (Guttman 1994, Theodorakis 2001).  
The term exposure simply indicates that a toxicant has migrated from an 
anthropogenic source to a specific molecular target within an organism and had some 
type of interaction with that target. The type of interaction varies and may result in, for 
example, the up-regulation of an enzyme to facilitate detoxification. The term effect is 
reserved for exposures that result in some type of harm to the organism. Up-regulation of 
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a protein or even genetic damage may or may not be considered an effect, depending on 
how the organism responds. If the up-regulation removes the toxicant or if the damaged 
DNA is repaired, then the interaction with the toxicant would be considered an exposure 
but not an effect. However, if some deleterious reaction occurs as a result of the 
exposure, then the organism is said to have suffered effects. DNA damage does not 
necessarily lead to effects. Organisms have many molecular-level defense systems that 
prevent or repair genotoxic damage (Miller et al. 2001).  
 Such genotoxic PAHs as BaP can bind with DNA causing a mutation and 
ultimately causing changes in cell regulation (Eaton et al. 2007, Heflich 1991). When 
organisms are exposed to PAHs, and other contaminants that follow a similar pathway, 
cytochrome P450 (CYP450) enzymes, particularly CYP1A1 and CYP1B1, are induced. 
Cells can respond to exposure by up-regulating the production of CYP450 enzymes. The 
induction of these enzymes is a broad indicator of contaminant exposure (Whyte and 
Tillitt 2000). The CYP450 enzymes can detoxify, but they can also bioactivate 
compounds, such as PAHs, making them more toxic (Uno et al 2001). The metabolism of 
BaP by these enzymes can produce an activated intermediate that is able to bind to DNA. 
When PAH-DNA adducts are not repaired, and replication occurs, this can cause 
mutations (Baird et al. 2005). Since BaP is considered the most hazardous PAH it can 
also be used as a worst-case representative of total PAHs in studies like the present one, 
where it is imperative to avoid false negative results. Also, it was seen in Hussar (2007) 
and Campbell et al. (2006) that BaP is a reliable representative of total PAHs. 
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Measurements of contamination, indicators of bioavailability and exposure, and 
biomarkers of effect can all be used to build a weight of evidence for the correlation 
between high level or long term genotoxic effects and environmental contamination. 
Building this weight of evidence is critical to assessing whether or not there is a potential 
for human PAH exposure and effects in South Chattanooga, TN.  
Immunodetection of DNA Adducts 
  Immunoassays use the affinity of antibodies to specific antigens as a tool for 
measuring and identifying specific proteins or antigens (Gosling 1994). Antibodies can 
be developed for specific antigens, making immunoassays adaptable to a large variety of 
applications (Wu 2006). Immunoassays are effective and versatile with extensive 
combinations of different components and techniques used in the immunodetection of a 
vast number of antibodies, proteins, and even DNA-adducts. 
 The basic protocol of an immunoassay includes the binding of a primary antibody 
to the antigen of interest, followed by the binding of a complementary secondary 
antibody binding to the primary antibody. Detection of the bound secondary antibody is 
usually through an enzyme driven colorimetric reaction. There are also fluorescent, 
chemiluminescent, and radioactive detection systems available for immunoassays. There 
should be no detection of binding when no antigen is present in the sample. Non-specific 
binding to the test cells or tissue is blocked with normal serum (usually calf or horse 
serum) before the addition of the primary antibody. The primary and secondary 
antibodies are also usually diluted in the blocking solution as to continue blocking of 
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non-specific binding while the antibodies bind to the specific antigen of interest. The 
sample is washed between each step of the protocol to remove any unbound antibody. 
 Primary antibodies can be either polyclonal or monoclonal. A polyclonal antibody 
consists of a mixture of antibodies from the antiserum of an animal that was inoculated 
with the target molecule (Glick and Pasternak 2003). The polyclonal mixture is easier to 
produce than a monoclonal antibody; however, it is not as specific as a monoclonal and 
cannot distinguish between different similar epitopes (antigenic determinants). A 
monoclonal antibody is developed by isolating the antibody forming cells from the spleen 
of the inoculated animal that are specific to the target. These cells are fused with tumor 
cells forming hybridomas that will clone and produce more antibody. The monoclonal 
antibody is then isolated for cultivation (Wu 2006). The secondary antibody should be 
one that was raised in a different animal than the primary antibody. For example, in the 
present study a mouse monoclonal primary antibody was used so a goat anti-mouse IgG 
was used as the secondary antibody.  
 If issues arise in the immunoassay protocol, steps can be altered to increase 
sensitivity and decrease non-specific binding. Examples of parameters that can be 
adjusted are the times and temperatures of incubation, concentrations of antibodies and 
blocking solution, or changing detergent content in washes. Other problems like edge 
effects, contaminated solutions, inconsistent technique, and instrument failure can also 
cause discrepancies in immunoassay results. Even with a developed immunoassay 
protocol, it may still be difficult to optimize an assay to obtain consistent and reliable 
results.  
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 There are several immuno-techniques that can be used to detect DNA modified 
with 7ß, 8α-dihydroxy-9α, 10α-epoxy-7,8,9,10-tetrahydrobenzo[a]-pyrene (BPDE-I-
DNA) which is a metabolite of BaP that can form adducts with DNA. These techniques 
include ultrasensitive enzyme radioimmunoassay (USERIA), enzyme-linked 
immunosorbent assay (ELISA), and immunohistochemistry (Santella 1999). 
Immunohistochemistry combines histology with immunodetection methods to not only 
allow for relative quantification of adducts present in the test sample, but also allows 
visualization of the location of the adducts in the cells.  
 A broad detection of contaminant exposure in an organism can be evaluated by 
measuring CYP450 enzyme induction (Whyte and Tillitt 2000). However, using 
immunodetection allows for the detection of exposure to a particular contaminant by 
using the very specific binding of an antibody to a particular adduct. The antibody used in 
the present study is a mouse monoclonal antibody that was raised against BPDE-I-DNA, 
clone 5D11 (Santella et al. 1984). The aim of this study was to further characterize 
contaminant exposure in small mammals from South Chattanooga, TN by specifically 
evaluating BaP exposure in mouse liver tissue. The contaminated site population was 
compared to an uncontaminated reference site population. 
Materials and Methods 
Sample Collection and Preparation 
 Peromyscus gossypinus were trapped in South Chattanooga, Tennessee at four 
contaminated sites (n=20/site) in the Chattanooga Creek floodplain in the spring and 
summer of 2005 (GS) and 2006 (CBS, CDED, and DB24). Mice were also collected from 
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two uncontaminated reference sites (Ref 2005 and Ref 2006) in northern Georgia, 
upstream along the Chattanooga Creek (Figure 1). Sherman Live traps were used, 20 per 
transect along a 100 meter transect. Mice were transported in the traps, and euthanized 
with carbon dioxide and cervical disc displacement once at the laboratory.  
 Liver tissue was collected from each mouse, flash frozen in liquid nitrogen, and 
stored at -80ºC. A small piece of liver tissue was fixed in 10% formalin (Fisher 
Scientific) for 24 hours at 4°C, and then embedded in paraffin. Five 4-µm thick sections 
(Associates in Pathology, Chattanooga, TN) were cut for each liver sample. 
Immunohistochemical Staining of Tissue 
 The PAH-DNA adduct staining protocol was amended from that of Zhang et al. 
(1998). Briefly, slide samples were de-paraffinized by washing them twice in Citrisolv 
(Fisher Scientific), then rehydrated with decreasing concentrations of ethanol. 
 To enhance antibody binding and assay sensitivity, three optional steps were 
included in the procedure. First, the samples were treated with proteinase K to remove 
histone and non-histone proteins that may interfere with antibody binding from the DNA. 
Second, the samples were treated with RNase. This eliminates potential cross-reactivity 
of primary antibody with RNA adducts. Finally, 4 N HCl was used to denature the DNA; 
this was followed by neutralization and buffering. 
 A Mouse-on-Mouse (MOM) immunoperoxidase detection system (Vector 
Laboratories, Inc.) was used to localize BPDE-DNA adducts recognized by anti-BPDE-
DNA clone 5D11 antibody according to manufacturer’s instructions. This kit is designed 
specifically to detect mouse primary antibodies on mouse tissues. This system helps 
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eliminate the background problem associated with anti-mouse secondary antibody’s 
inability to distinguish between the mouse primary antibody and endogenous mouse 
immunoglobulins in the tissue by using a novel agent that will block those endogenous 
immunoglobins.  
 Samples were blocked 1.5 hr at 30°C with normal calf serum. Then slides were 
treated with mouse monoclonal BPDE-DNA 5D11 clone primary antibody (Santella 
1984; Santa Cruz Biotechnology, Inc.) overnight at 4°C (1:33 dilution of the primary 
antibody in MOM Diluent). The next day samples were incubated with MOM 
biotinylated anti-mouse IgG second antibody (Vector Laboratories, Inc.) for 10 minutes 
(1:360 dilution of secondary antibody in MOM Diluent). Slides were then treated with 
Vectastain ABC reagent (Avidin: Biotinylated enzyme complex) to enhance and quicken 
staining. The colorimetric reagent used for staining was DAB. Slides were dehydrated 
and mounted after staining. Normal mouse IgG primary antibody was used as a negative 
control to evaluate specificity of staining. 
 Visualization and photodocumentation was done via light microscopy using an 
Olympus BX51 photomicroscope; Olympus MagnaFire SP digital camera and the Image-
Pro Plus Imaging software (Media Cybernetics, Inc, Carlsbad, CA). The relative optical 
density (O.D.) was to be reported once the images were analyzed and background levels 
were assigned. 
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Results and Discussion 
Summary of Sample Set 
 The results of the immunohistochemical staining of the P. gossypinus liver tissue 
slides are presented in Table 4. There were 6 slides analyzed from the reference site mice, 
and 5 slides from the contaminated site mice. Twenty samples were collected from two 
reference sites and four contaminated sites; the remaining samples have not yet been 
analyzed. The current data show a trend of higher average staining intensity for BPDE-I 
DNA adducts/reactive nuclei in the reference site (O.D.AVE: 0.05843) than the 
contaminated site (O.D.AVE: 0.03910). Interestingly, although the samples from the 
contaminated sites appear to have a lower level of adduct formation, the overall average 
number of reactive nuclei/sample is ~1.4 fold higher in contaminated sites compared to 
reference site. Examples of immunohistochemically stained liver tissue from the 
reference and contaminated sites are presented in Figure 4. 
Implications and Future Research 
 There were very few samples analyzed in this study (6 from Reference Sites and 5 
from Glover Site) making it difficult to rely on the results because they only represent a 
small portion of the overall site samples. The data do not agree with the initial 
hypothesis, in which it was expected that the liver tissue from mice from contaminated 
sites would have more intense staining due to higher levels of BPDE-DNA adducts 
present. Higher adduct presence was expected because higher levels of BaP soil 
contamination were measured at the Glover site than the reference site (Hussar 2007). 
However, the contaminated site samples did have more reactive sites on average than the 
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reference site samples. This could indicate that higher and broader exposure is occurring 
in the contaminated sites, but due to increased detoxification of contaminants or repair of 
DNA damage the immunodetection of adducts resulted in less intense staining.  
 Studies have shown that an increase in CYP450 enzymes can lead to increased 
bioactivation of BaP and then an increase in BPDE-DNA adduct formation (e.g. Uno et 
al. 2001, Harrigana et al. 2006).  However, CYP450 enzymes have also been shown to 
detoxify BaP when co-expressed with glutathione-S-transferase (GST) enzymes 
(Kushman, et al. 2007, Lodovici et al 2004). Studies have also found that a decrease in 
BPDE-DNA adduct formation has also been reported when samples were pretreated with 
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD or dioxin) (de Waard et al. 2007, Uno et al. 
2001). If there are high enough levels of TCDD at the contaminated sites in South 
Chattanooga to initiate an organism response this may be protecting against BPDE-DNA 
adduct formation. Since an increase was seen in CYP450 induction in the previous 
research done on small mammals in South Chattanooga, and the GST enzyme levels and 
total composition of soil contamination have not been quantified, it would be plausible to 
theorize that the increased induction of enzymes in combination with other factors may 
actually protect against PAH-DNA adduct formation or induce DNA damage repair 
systems.  
 At this time there is no evidence of increased PAH-DNA binding in samples from 
the contaminated site. This does not mean these organisms are not exposed to other 
toxicants (e.g. TCDD). Contaminant exposure of some type is occurring because an 
increase in enzyme induction was detected (Campbell 206). At this time the specific 
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contaminants causing the enzyme induction cannot be determined. Further 
experimentation to evaluate GST enzyme levels, DNA repair enzyme activity and gene 
expression would shed more light on the factors involved in the repair of or prevention of 
adduct formation at the contaminated site. 
 There can be variation in immunoassays depending on how sensitive the assay is. 
Also, immunohistochemical staining is a semiquantitative method of evaluating presence 
of BPDE-DNA adducts in cells. The optical density is determined relative to negative 
controls that determine the level of background (non-specific) binding in a particular set 
of slides. The intensities of the colorimetric staining can vary slightly between different 
sets of slides. That is why negative control slides are needed as a measure of background 
or non-specific binding. Once the background staining is accounted for, relative staining 
intensity will be normalized across samples from varying sets of slides. 
 It would be valuable to continue gathering data from this assay for as many 
tissues samples as possible to increase sample size and strengthen the confidence in the 
results. The more samples, the more representative the data will be of the actual 
populations at the contaminated and reference sites in South Chattanooga and northern 
Georgia.  
 Confidence in the results would also be increased with validated from another 
assay. For example, an ELISA or competitive ELISA (cELISA) could provide a sensitive 
and quantifiable measure of BPDE-DNA adduct levels in mouse liver tissue. The 
conditions of a cELISA are currently being optimized for the measurement of BPDE-
DNA adducts. Calf thymus DNA can be modified with BPDE-I and used as a standard 
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for comparison with unknown samples from contaminated and reference sites. The 
cELISA is conducted in 96-well microtiter plates and follows a similar protocol to that 
described for the immunohistochemical assay. 
Conclusions 
 At this time there are little data from this portion of the assessment on exposure to 
contaminants South Chattanooga, TN. However, the immunohistochemical assay 
protocol has now been optimized to provide reliable data for this study using the 
particular materials and methods discussed above. The remainder of the samples in the 
contaminated and reference site populations from South Chattanooga and northern 
Georgia should now be able to be analyzed to complete the assessment of BaP exposure. 
The preliminary results of this assay show more intense staining in the reference site 
samples indicating a higher presence of BPDE-DNA adducts. If, after further validation, 
higher BPDE-DNA adducts are still indicated in the reference population tissue when 
compared to contaminated site tissue, this could indicate an increase in detoxification of 
PAHs or DNA repair in mice from the contaminated site. The full analysis, and validation 
with complementary immunoassay, should clarify the true trends of BPDE-DNA adduct 
present in these P. gossypinus liver tissue samples.  
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Chapter III 
 
MICROSATELLITE MARKER ANALYSIS FOR DETECTION OF EFFECTS 
FROM PAH EXPSURE 
 
Introduction 
Genotoxic Environmental Contaminants 
 Genetic ecotoxicology is the study of the consequence of environmental toxicants 
on the genetic material of individuals, populations, and communities of non-human 
organisms (Depledge 1994, Anderson et al. 1994, Shugart et al. 2003). As the name 
implies, genetic ecotoxicology is built upon and combines concepts established in 
genetics, ecology, and toxicology.  
 The goal of genetic ecotoxicology is to assess, predict, and prevent genetic 
damage at the individual level, population level, and eventually at the ecosystem level. 
Genetic ecotoxicology provides means for researchers to evaluate genotoxic effects at 
higher levels of biological order and to assess the ultimate, and perhaps finite, 
consequences of contaminant exposure to populations or ecosystems (Anderson et al. 
1994).  
 Direct damage to genetic material can be measured in many different ways and 
used as a biological marker (biomarker) of molecular and individual level genotoxicity. 
Indirect genetic responses, resulting from a toxicant-damaged cell for example, can also 
be measured in many different ways and also used as a biomarker of molecular and 
individual level genotoxicity. Both direct and indirect alterations to genetic material (or 
genetic expression) may ultimately lead to genotoxicity at higher levels of biological 
order (Matson et al. 2006, D’Surney et al. 2001).  
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 Many environmental contaminants are genotoxic, causing direct or indirect 
damage to genetic material. DNA damage can lead to somatic or heritable effects. 
Genotoxic somatic effects occur in cells other than germline cells; this altered DNA is not 
directly inherited. Somatic damage can lead to indirect effects on a population through 
reduced population size or selection, which can reduce genetic viability (Bickham et al. 
2000). Directly heritable effects can emerge when DNA damage occurs to germline cells 
(Bickham and Smolen 1994).  
 Examples of direct structural DNA damage are toxicant-induced adduct 
formation, strand breakage, and alterations in chromosome structure or number (Bickham 
and Smolen 1994, Shugart 1999, Shugart et al. 2003). Malignant tumors, reduction in 
successful reproduction, embryo mortality, abnormal development, and altered genotypic 
diversity are some examples of indirect effects from such toxicant induced direct damage 
(Anderson et al. 1994, Anderson and Wild 1994, Bickham et al. 2000, Depledge 1994). 
Many unknown biological responses can also occur due to genotoxicant exposure. 
Damage to genes or proteins of unknown function can cause responses in cells that may 
not yet be identifiable with the knowledge and technology available. 
 BPDE-DNA adducts can be used as a specific biomarker of exposure to BaP. 
Biomarkers of molecular level genotoxic responses (e.g. DNA damage) can be correlated 
with changes in population genetic parameters to help establish and support a cause and 
effect relationship between environmental contamination and genetic structure alterations 
(Theodorakis 2001). Differences in genetic diversity, or even the observation of 
particular genotypes, are sometimes correlated with chemical contamination when 
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compared to reference populations (Theodorakis 2001, Staton et al. 2001). Such changes 
in genetic variation can be used as indicators of long term, higher-level effects of 
chemical contamination (Anderson and Wild 1994, Guttman 1994, Evenden and 
Depledge 1997, Theodorakis et al. 2006). 
 The study of changes on the genetics and evolutionary processes of natural 
populations due to environmental contaminants has been dubbed evolutionary toxicology 
(Bickham and Smolen 1994, Fox 1995, Staton et al. 2001, Maston et al. 2006). This 
integration of population genetics with genetic ecotoxicology can provide a useful 
approach for evaluating the long term and high-order effects of environmental genotoxic 
contamination. One concern regarding toxicant induced changes in genetic structure is a 
reduced genetic diversity of the population. Large gene pools are noted to contribute to 
overall viability of a population and the success of species (Evenden and Depledge 1997). 
If genetic diversity is reduced, the evolutionary processes and rates of these processes 
within a population could also be affected (Theodorakis 2001).  
 The main natural factors that drive genetic diversity in a population are gene flow, 
mutation, natural selection, bottlenecks, and genetic drift (Staton et al. 2001). Gene flow, 
specifically interactions with immigrating individuals, and mutations can introduce new 
alleles into a population causing an increase in genetic diversity. Selective forces may act 
to reduce allele frequencies at loci that can affect survival, decreasing genetic diversity. 
Bottlenecks, or the drastic reduction in a population’s size (due to natural or manmade 
events), can reduce genetic variability in a population. Genetic drift, or the random 
elimination of alleles from a population, can also act to reduce genetic variability 
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(Bickham et al. 2000). These natural evolutionary processes may also be mediated by 
previously discussed genotoxic responses, directly and indirectly heritable effects, caused 
by chemical exposure. The adaptation of individuals to survive in a chemically altered 
environment can also mediate evolutionary processes (Anderson et al. 1994, Staton et al. 
2000, Bickham and Smolen 1994, Shugart et al. 2003, Shugart and Theodorakis 1995). 
 The goal of this study was to evaluate the population level genotoxic effects of the 
contaminants present in South Chattanooga, TN. An evaluation of genetic variation was 
conducted using microsatellite markers. Wild small mammal populations were used as 
surrogates to represent a worst-case scenario for human health risk assessment.  
Microsatellites and Genetic Diversity Analysis 
 Microsatellites are non-coding regions of DNA that consist of tandem repeats of 
short nucleotide patterns (2-5 base pair repeat units) that can occur in segments of 100 
nucleotides or less (Litt and Luty 1989). Microsatellite regions of DNA are highly 
susceptible to point mutations and the gain/loss of repeat units due to unrepaired slippage 
events during replication that cause misalignment (Schlotterer and Tautz 1992). 
Mutations in microsatellite regions are incorporated into a population more frequently 
than mutations in regions coding for functioning genes where they are more likely to 
have deleterious effects on the organism. As such, microsatellites are genetic areas of 
rapid evolution because they do not have the functional evolutionary constraints of gene 
coding regions of DNA. This makes them ideal for comparing two populations for 
possible recent changes in genetic variation, such as between contaminated and reference 
sites. For example, if a population is exposed to a genotoxicant that causes increased 
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neutral or advantageous mutations, an increase in genetic diversity should be seen. If the 
environmental contaminant caused deleterious mutations or reduced survival, a decrease 
in genetic diversity should be seen.  
 Microsatellite primers are developed from purified genomic DNA. The DNA is 
digested with restriction enzymes, and then microsatellite regions can then be separated 
from digested DNA by hybridization with microsatellite probes. These regions are then 
sequenced and the primers used for microsatellite amplification can be designed from the 
sequence. Primers are usually 18-24 nucleotides in length and designed to flank the 
microsatellite region and produce 120-300 bp polymerase chain reaction (PCR) products 
(Brown et al. 2001). These microsatellite primers are used to amplify microsatellite 
regions in the species for which they were specifically developed, or a closely related 
species (Glenn et al. 1996, Jarne et al. 1996). The PCR product from reactions with 
microsatellite primers can then be size fractionated by polyacrylamide gel electrophoresis 
to evaluate allelic variants that differ by the number of repeat units (Figure 5). The allele 
bands for each individual can be defined and scored (Figure 6). The microsatellite band 
alleles can then be analyzed using statistical programs (e.g. GENEPOP or F-STAT) that 
evaluate genetic structure of the populations being studied. Genetic diversity can be 
assessed using statistics such as heterozygosity, allelic richness, and gene differentiation. 
These statistics are able to be used to compare genetic diversity in contaminated versus 
reference sites to evaluate genotoxic effect on populations. 
 There are many advantages to using microsatellite analysis for population studies 
(Selkoe and Toonen 2006). Only small tissue samples are required to obtain enough DNA 
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for microsatellite PCR. DNA is much more stable than enzymes or RNA, making it easy 
to work with. These are also neutral, highly polymorphic molecular markers making them 
appropriate for fine-scale evolutionary studies between populations.  
 Microsatellite markers are costly to develop because genomic sequence 
information is required for the species being studied. Genomic sequencing is costly and 
time consuming. However, once microsatellite markers are developed, they are cost 
effective for genotoxicity and population genetic studies. These markers give much 
higher resolution between alleles than other approaches, like random amplified 
polymorphic DNA (RAPD) markers or allozyme electrophoresis (Bickham et al. 2000). 
Another advantage is that microsatellite markers have the potential to be used 
simultaneously across closely related species or within a genus (Moore et al. 1991; Hale 
et al. 2005). This makes the use of microsatellite analysis more conducive to field studies 
in ecotoxicology where it may not be possible to collect large numbers of a single species 
or where natural populations of species are not easily distinguished from one another 
(e.g. the use of P. leucopus and gossypinus discussed below).  
 The study presented here is a pilot study using four microsatellite markers to 
evaluate and compare the genetic variation of four chemically contaminated sites along 
Chattanooga Creek in South Chattanooga, TN and two relatively pristine reference sites 
upstream of the contamination in northern Georgia. The aim of this evaluation was to 
determine if population-level effects are occurring due to this contamination. 
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Materials and Methods 
Sample Collection and Preparation 
 Sherman Live traps were used to trap 20 P. gossypinus from each of four 
contaminated sites in the Chattanooga Creek floodplain, and two reference sites in 
northern Georgia (Figure 1). Trapped mice were brought back to the laboratory where 
they were euthanized and dissected. 
 Liver tissue was collected from each mouse, flash frozen in liquid nitrogen, and 
stored at -80ºC. DNA was extracted from liver tissue of mice by a general phenol 
chloroform extraction (Cseke et al. 2004). Briefly, a small piece of tissue from each liver 
(about 0.3 g) was homogenized in lysis buffer (50mM Tris-Cl pH 8.0, 100mM EDTA pH 
8.0, 100mM NaCl, 1% SDS) and incubated overnight at 55°C with proteinase K (0.1 
mg/ml). The next day, each sample was treated with RNAse (5 µg/ml) at 37°C for 1 hour. 
Protein was precipitated out of solution by adding 1/3 volume of 7.5 M Ammonium 
Acetate. Samples were centrifuged and the supernatant was decanted and saved. Upon 
centrifugation, the supernatant fraction containing DNA was extracted two times with an 
equal volume of 25:24:1 Phenol:Chloroform:Isoamyl Alcohol. The aqueous layer was 
decanted and retained while the organic layer was discarded each time. The DNA was 
precipitated with 2 volumes of 100% ethanol (kept at -20°C). The DNA, once 
precipitated, was removed by spooling the DNA onto a glass rod, dried briefly and 
resuspended in TE buffer (10µM Tris-Cl pH 8.0, 0.5µM EDTA).  
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 DNA was quantified by a BioSpec-mini UV spectrophotometer (Shimadzu 
Scientific Instruments). Once the DNA concentration was known, a 30 ng/µl dilution was 
made for each sample to be used in the polymerase chain reactions (PCR). 
PCR and Sample Analysis 
 Four microsatellite primer sets were used to evaluate genetic diversity of P. 
gossypinus from South Chattanooga. The first primer set, PLGT66 (Schmidt 1999), was 
developed specifically for P. leucopus. This primer was chosen because it had the highest 
heterozygosity of those primers in the same study. The other three primer sets, Pml09, 
Pml10, and Pml12 (Chirhart 2000), were developed specifically for P. maniculatus. 
These primer sets were also chosen because of their high heterozygosity compared to 
others in the study. Since already published primer sets were used to avoid development 
of new microsatellite markers, PCR conditions had to be optimized and several different 
primer sets were attempted before four successful markers were found. PCR conditions 
and primer sequences are listed in Table 5. For each of the four microsatellite markers, 20 
samples were analyzed from each of the 6 populations. 
 PCR amplification of microsatellite repeat sequences were performed on the DNA 
samples using standard procedure. The forward primer of each PCR reaction was tagged 
with fluorescein isothiocyanate (FITC) using a two-step method in which a 
phosphorothioate group was transferred to the 5’-hydroxyl group of the oligonucleotide 
in a reaction catalyzed by T4 polynucleotide kinase using adenosine 5’-O-3-
thiotriphosphate (ATPgS, Sigma; St. Louis MO) as substrate. In the second step 
fluorescein was coupled with the phosphorothioate oligonucleotide through an exchange 
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reaction with 5-iodoacetamidofluorescein (5-IAF, Molecular Probes; Eugene, OR). PCR 
reactions consisted of 15-50 ng genomic DNA, 0.8 mM appropriate primers, 200 mM 
deoxynucleotide triphosphates and 0.5 units Taq polymerase in a buffer of 10 mM Tris-
HCl (pH 8.3), 50 mM KCl, and 25 mM MgCl2. After an initial denaturing step of 5 min 
at 95°C, amplification were performed for 35 cycles (45 s /95°C; 45 s/58°C; 45 s/72°C) 
followed by a final extension at 72°C for 7 minutes. Optimized annealing temperatures 
and annealing times can be found in Table 5. 
  Amplification products prepared in a denaturing formamide loading solution 
were analyzed on a 6% denaturing polyacrylamide gel by electrophoresis for 1-3 hours.  
The results were visualized with an FMBIO-100 fluorescent image-scanning unit 
(Hitachi) and polymorphisms scored accordingly. 
 Allele bands were scored using a two digit number to identify each allele. Number 
01 designated the highest band position and this continued down the gel until every 
different band position was given a number. The resulting four digit number score for 
each sample consisted of the score from the two different alleles in the heterozygous 
samples, or a repeated score from the allele band in homozygous samples (e.g. 0101; 
Table 6). A group of samples (5-10 samples) ranging from highest position to lowest 
position on the gel was picked for each microsatellite locus to use as reference samples. 
This was for comparison of alleles between gels since not all samples from each locus 
could be run on the same gel. The distance of the alleles varied from gel to gel. This 
standardized the scoring of alleles for each locus across all gels.  
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Statistical Analysis 
 The allele scores for each sample in each locus were recorded and analyzed using 
FSTAT (Goudet 2001). FIS is the inbreeding coefficient and these values (Table 7) 
measure the deficiency or excess of average heterozygotes in each population. Positive 
FIS values indicate the population contains more homozygotes than expected. Negative 
FIS values indicate the population contains more heterozygotes than expected.  
 The mean sum of the 16 priority PAHs (ΣPAHs) and BaP concentrations (both 
presented as mg/kg dry weight) were quantified and expressed as TEFs in a previous 
study on South Chattanooga contamination (Hussar 2007). A linear regression was 
performed (SigmaPlot) for the ΣPAHs values verses FIS values and BaP values verses 
corresponding FIS values for each population to evaluate whether or not there was a 
correlation between the concentration contamination at each site and level of the 
heterozygosity deficiency (homogeneity of population). A linear regression was also 
performed for ΣTEF values verses FIS values. Figure 7 shows the linear regression plot 
and confidence intervals, as well as the correlation coefficient of each regression. Data 
used in the linear regressions are presented in Table 8.   
 FST values measure (FSTAT) the degree of gene differentiation among 
populations in terms of allele frequencies. A pairwise comparison was conducted for each 
pair of populations (Table 9). The closer the value is to zero, the less differentiation there 
is between populations. The closer the value is to one, the more differentiation there is 
between populations.  
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Results and Discussion 
Summary of Sample Set 
 The combined FIS values of all the microsatellite loci for each population showed 
a trend of the contaminated site populations having more positive values, meaning they 
are more homogeneous than the reference site populations (Table 7). These results 
indicate a qualitative difference between uncontaminated and contaminated sites.  
 The linear regression test (Figure 7) did not show statistically significant 
correlations between the level of either ΣPAHs or BaP (mg/kg dry weight) and 
homogeneity of the corresponding population (FIS). There was also no significant 
correlation between ΣTEF and homogeneity of the populations (FIS). 
 The FST pairwise comparison of the two reference site populations (from 2005 and 
2006) did not show significant gene differentiation (Table 9). The FST pairwise 
comparison of the contaminated sites with the reference site populations all resulted in 
statistically significant values of gene differentiation. This is a quantitative measurement, 
which, like the FIS values, also indicates that the contaminated sites differed from 
reference sites. 
 Samples were collected from two additional reference sites for this study to add 
strength to the comparison between reference and contaminated sites. However, the 
samples from the two additional reference sites (collected in 2008; Table 10) were from 
areas of higher latitude, and the species was P. leucopus not P. gossypinus. Peromyscus 
gossypinus and P. leucopus are very closely related species (Bradley et al. 2007), so three 
of the four microsatellite markers used for P. gossypinus also amplified DNA in the P. 
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leucopus samples. FSTAT was used to calculate FIS values for the P. leucopus reference 
samples, but FST pairwise analysis using all four loci was not able to be done due to the 
failure to obtain allele data for the marker Pml10. The FIS data conflicted with the other 
reference population data, having very positive values indicating much higher 
heterozygote deficiency than the original P. gossypinus reference populations. The P. 
leucopus samples were not included in the overall genetic variability assessment because 
a baseline for comparison between species was not established. 
Population Implications and Future Research 
 This study was a pilot study on the genetic variation in contaminated P. 
gossypinus populations in South Chattanooga compared to the genetic variation in 
reference site populations in northern Georgia. Only four microsatellite loci were 
analyzed in this study. The purpose of this study was to determine if population level 
effects were occurring to a small mammal population exposed to PAHs. 
 FIS values suggest contaminated populations of surrogate small mammals 
assessed may be more homogeneous than uncontaminated populations. These FIS values 
suggest inbreeding may be occurring in the contaminated populations, possibly due to a 
reduction in population size. One possible reason for this shift to a more homozygous 
population could be because the contamination is causing an increase in deleterious 
mutations, or death of individuals in each generation from the toxicity of the 
contaminants. Adding a fifth microsatellite locus to this sample set would allow for 
further statistical analysis in FSTAT to determine if there are significant differences 
between the population inbreeding coefficients. 
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 Many scientists would agree that high heterogeneity in a population is an 
indication of a healthy population, and low heterogeneity is indication of an unhealthy 
population (Fjeldsaå and Lovett 2007). Populations with high heterogeneity tend to be 
more resilient to disease and genetic drift (Evenden and Depledge 1997). We consider a 
decrease in genetic variation to be the most conclusive evidence of population level 
effect. If contaminated populations in South Chattanooga are (or are becoming) more 
homogeneous than reference populations, this could indicate a population level effect 
occurring due to contamination. This trend is of interest and does warrant further 
research. 
 The results from the linear regression tests showed no significant correlation 
between level of site contamination and homogeneity of the population. PAHs are not the 
only contaminants present in these sites, but they were evaluated because they are 
contaminants of concern for human health. There have been previous reports of other 
contaminants present at these sites that were not quantified, e.g., heavy metals, volatile 
organic compounds, dioxins, and furans (ATSDR 1994, USEPA 2002). If other 
contaminants are present they could be having a synergistic or additive effect at one or 
more sites, but not all, causing a lack of correlation when evaluating all the sites without 
all of the contaminant information. More information is needed to determine if this is a 
possible explanation. 
 The FST values detected differentiation between the contaminated sites and the 
uncontaminated sites. This quantitative difference could be due to the genetic effects of 
the PAH exposure to mice in South Chattanooga. As discussed previously PAHs, 
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particularly BaP can be extremely genotoxic to mammals. However, we did not include 
contaminants other than PAHs in this analysis. Since there has been unregulated dumping 
of industrial waste in South Chattanooga for over 100 years, there is great possibility of 
significant presence of many contaminants other than PAHs. These other contaminants, if 
present in significant concentrations, could also be having direct or indirect effects on 
genetic diversity in South Chattanooga. 
 There could be a range of explanations for the significant genetic difference seen 
between the population, and the indication of increased homogeneity in the contaminated 
sites. These include presence of other contaminants, historical hybridization with P. 
leucopus, and even differences in food availability (Smith et al. 1984). However, a 
method of skull measurement has been developed in Tennessee for effective distinction 
between P. gossypinus and P. leucopus (Reed et al. 2004). This method was used to 
confirm the identification of the samples in the present study as P. gossypinus thus 
reducing the likelihood that the difference in the genetic differentiation seen between 
reference and contaminated sites is due to hybridization. 
 The additional two reference sites containing P. leucopus samples were not 
included in the overall assessment of genetic diversity in this pilot study. There were no 
P. leucopus samples collected from any of the contaminated sites in South Chattanooga 
to compare to the P. leucopus reference populations. There could have been a similar 
relationship or trend between the P. leucopus reference populations and contaminated 
populations as was seen in P. gossypinus populations, but without P. leucopus DNA from 
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the contaminated sites a baseline heterozygosity cannot be established and a reliable 
comparison cannot be made between species.  
 It is known that captive breeding can occur between P. gossypinus and P. 
leucopus (Dice 1937), and there have also been reports of hybrids in nature between these 
two species in several states (Virginia, Dice 1940; Alabama, Howell 1921; Texas, 
McCarley 1954; Illinois, Barko and Feldhamer 2002). However, there have also been 
studies showing dominance by P. gossypinus over P. leucopus when they interact 
(Wright and Wolfe 1977) explaining why they may be seen in slightly differing habitats 
that do not overlap (bottomland vs. upland). At this point there is not enough known 
about the specific populations in this study from Tennessee to be able to conclude any 
definite implications from the P. leucopus data.  
 There may be overlapping habitat of P. gossypinus (usually found in bottomland 
habitats) and P. leucopus (usually found in upland habitats) in the populations in and 
around South Chattanooga. More detailed population structure information would need to 
be gathered in the field to make this determination. If there were overlapping habitats, 
and Peromyscus were found that had intermediate mass and hind foot lengths (the 
identifying morphological characteristics between the two species), this would be 
evidence of hybridization between these two species (Barko and Feldhamer 2002; Dice 
1940).  
 If evidence of hybridization between the P. gossypinus and P. leucopus was seen 
in Chattanooga, TN this would indicate that there is gene flow between the species and 
that they are sharing alleles. If this is the case then allelic data from P. gossypinus and P. 
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leucopus could be analyzed together. With a comparison between contaminated and 
reference P. leucopus populations that followed a similar trend to that of P. gossypinus 
and evidence of hybridization it would be reasonable to use these populations in cross-
species microsatellite analysis.  
 If further genetic analysis is done on these samples and alleles are found to be 
present in P. gossypinus but not P. leucopus, this would indicate that there is evolutionary 
segregation between these populations. The two species would be considered separate 
genetic populations. In this case a parallel study on genetic variation in the two species 
would be more appropriate than integrating them into one study. 
 There is evidence that microsatellite markers are conserved among closely related 
species (Moore et al. 1991, Dimsoski and Toth 2001), and these markers are developed 
for specific species, but often work in closely related species (Clauss et al. 2002). Cross-
species microsatellite analysis has potential to save time and resources on primer and 
PCR development, allowing a single set of markers to be used for at least two species of 
Peromyscus in the same study. Analyzing the data from both species together would also 
increase sample sizes and make data more statistically powerful. It might also detect gene 
flow between the two species. This analysis could possibly be done long term as a way to 
monitor the changes in genetic variation in contaminated South Chattanooga sites verse 
reference sites. At this point it is difficult to say whether cross-species studies would be 
possible with Peromyscus, but considering the similarities between P. leucopus and P. 
gossypinus as well as the benefits of this type of tool it would be worth further 
investigation.  
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Conclusions 
 The current assessment of change in genetic variation was a pilot study meant to 
evaluate whether or not further research is warranted on possible population level effects 
on small mammals in South Chattanooga. This study demonstrates that the contaminated 
and reference populations are significantly different. It also indicates that there may be 
inbreeding effects occurring, possibly due to reduced population size because of 
contamination. More microsatellite markers would need to be assessed to add statistical 
power to trends seen in this pilot study, to determine whether the difference seen between 
populations is truly significant or not. Also, adding information on levels of other 
contaminants besides PAHs would provide evidence of whether or not there are possible 
effects occurring from other contaminants. Population structure information would allow 
for a possible increase in sample size with a cross-species microsatellite analysis. The 
results are of interest and do warrant further research to assess the possibility of 
population level effects.  
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Chapter IV 
CONCLUSIONS 
 The present study is part of a larger NIH-funded study with the overall goal of 
assessing possible human health risks of those residents living in South Chattanooga, 
Tennessee. Previous research has shown that the soil at the 20 sites throughout South 
Chattanooga is more highly contaminated with PAHs than the relatively uncontaminated 
reference site upstream along Chattanooga Creek (Hussar 2007). That study showed there 
was cause for resident concern for those living in the floodplains of Chattanooga Creek. 
Another study looked at level of exposure to PAH contamination using small indigenous 
mammals (Peromyscus gossypinus) as surrogates for humans (Campbell 2006). That 
study showed a correlation with soil PAH concentration and induction of CYP450, 
indicating that these mice are taking up PAHs and having a physiological response to the 
contaminants (evidence of exposure).  
 Further evaluation of specific exposure to BaP indicated that there is no evidence 
of increased BaP exposure in the contaminated sites in South Chattanooga. The 
preliminary data of this study show a decrease in BPDE-DNA adduct formation in the 
contaminated site mice when compared to the reference site mice, indicating possible 
increased PAH detoxification or DNA repair in mice at the contaminated site. 
 When four of the original contaminated sites (GS, CBS, CDED, and DB24) were 
further examined for genetic variation (evidence of effects), it was indicated that these 
populations were significantly differentiated from the reference populations. There was 
also a trend of more heterozygote deficiency in the contaminated populations when 
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compared to the reference populations. These indications of genetic differences in the 
populations from the contaminated sites verse those from the reference sites upstream of 
the contamination show there may be population level effects occurring. The type of 
contamination is not known, as correlations with PAHs were not significant.   
There are still many aspects that can be explored to discover what effects may be 
occurring in cotton mice in South Chattanooga, and what the cause of these effects might 
be. Quantification of the soil PAHs has been done, but there is not complete information 
available on what other contaminants are present throughout South Chattanooga. A more 
complete analysis on the DNA damage being caused by BPDE-DNA adduct formation 
would give further insight on whether or not the PAHs (BaP in particular) are a cause of 
concern. No correlation was seen with the level of PAH soil contamination and the level 
of homogeneity of the populations, however, if there are additive or synergistic effects 
occurring due to other contaminants in the soil this would not have been detected in the 
present study. Adding information on other contaminants present, adding more 
microsatellite loci, as well as population structure information to this study would make it 
more informative on the true population level effects that may be occurring due to soil 
contamination in South Chattanooga, TN.  
Further investigation on the population structure of the P. gossypinus and P. 
leucopus and addition of a P. leucopus contaminated population could also lead to 
possible applications of cross-species microsatellite analysis in this study. If the same 
microsatellite markers could be used in analysis involving these closely related species 
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this could very beneficial to future studies in and around Chattanooga, allowing for larger 
sample sizes and a more complete assessment of changes in genetic variation.  
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Table 1.  ∑PAH means, medians, ranges, and transformed means for sampling event 3. 
(Values reported in mg/kg dry weight soil; n = 20 in Event 3, and n = 6 for Reference 
site; a Samples were lost) (modified from Hussar 2007). 
 
Event Site ∑PAH (Std Error) 
∑PAH 
median 
∑PAH 
range 
ln∑PAH (Std 
Error) 
 
3 CBS 214.4 (42.40) 181.2 1.8-850.8 4.8 (0.31) 
3 CDED 27.9 (2.93) 27.3 6.1-56.0 3.3 (0.12) 
3 DB24 35.6 (4.11) 38.4 0.9-73.6 3.3 (0.20) 
3 GS 58.7 (12.05) 43.9 2.5-245.7 3.7 (0.23) 
3 GSU 28.6 (5.62) 21.1 <0.05-89.3 2.9 (0.27) 
  
    
 REF 1.1 (0.16) 1.3 0.5-1.4 0.7 (0.09) 
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Table 2. B[a]P means, medians, ranges, and transformed means for sampling event 3. 
(Values reported in mg/kg dry weight soil; n = 20 in Event 3, and n = 6 for Reference 
site; a Samples were lost; b Mean and median concentrations are above the 0.062 mg/kg 
B[a]P Preliminary Remedial Goals) (modified from Hussar 2007). 
 
Event Site 
B[a]P (Std 
Error) 
B[a]P 
median 
B[a]P 
range 
lnB[a]P (Std 
Error) 
 
 
 
   
3 CBSb 22.0 (3.76) 21.0 0.1-62.6 2.7 (0.24) 
3 CDEDb 2.1 (0.19) 2.0 0.6-3.9 1.1 (0.70) 
3 DB24b 3.0 (0.38) 3.3 0.1-6.6 1.3 (0.16) 
3 GSb 7.0 (1.68) 5.9 0.3-34.7 1.8 (0.19) 
3 GSUb 3.1 (0.59) 2.6 <0.05-10.0 1.2 (0.20) 
 
 
    
 REFb 0.1 (0.02) 0.1 <0.05-0.2 0.1 (0.02) 
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Table 3.  Toxic equivalency factors (TEFs) with standard errors in mg/kg soil for each 
site in South Chattanooga evaluated in this study (modified from Hussar 2007). 
 
SITE Mean ∑TEF 
CBS 29.2 (4.19) 
CDED 2.7 (0.25) 
DB24 3.8 (0.40) 
GS 10.7 (1.63) 
REF 0.2 (0.03) 
52 
 
Table 4. Data for immunohistochemical staining of BPDE-DNA adducts on slides of 
Peromyscus gossypinus liver tissue. The BPDE-DNA adducts are bound by the primary 
then the secondary antibodies and detected with a colorimetric substrate (DAB). The 
average binding sites is the average number of stained sites where adducts occurred in the 
tissue on the slides when all slides are combined. The average staining intensity is 
determined by Image-Pro Plus Imaging software (Media Cybernetics, Inc, Carlsbad, CA) 
in terms of optical density (O.D.) adjusted for background staining. 
 
 
Number of slides 
analyzed 
Average Number of 
binding sites 
Average Staining 
Intensity (O.D.) 
Reference site 6 39.37 .05843 
Glover Site 5 55.85 .03910 
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Table 5. Primer sequences and characteristics for microsatellite loci of Peromyscus spp. 
The numbers of alleles found in this analysis of these loci are also presented. PLGT66 
(Schmidt), Pml09, Pml10, and Pml12 (Chirhart 2000) were used to evaluate gene 
diversity in the reference and contaminated populations of this study. 
 
Primer Code Primer Sequence (F-forward primer; R-
reverse primer) 
Annealing 
Temperature (°C-
length of cycles) 
No. of 
alleles 
PLGT66 F: 5’-CTCTGTCTGCCACACATGCT-3’ 58°C- 45s 27 
 R: 5’-GTGCCATCACAGATGTGACA-3’   
Pml09 F: 5’-GAATCCATACACCCATGC-3’ 56°C- 45s 29 
 R: 5’-TTGCTTTTCGTCAAGTTTT-3’   
Pml10 F: 5’-CAGCCTGACAAACAGACAG-3’ 56°C- 30s 14 
 R: 5’-TCCCTTAACACACTCACCTC-3’   
Pml12 F: 5’-GCAGCCTGTATTCTCTCACA-3’ 58°C- 45s 19 
 R: 5’-GCCAACCATTTCTTCAAGTG-3’   
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Table 6. Reference site (2005), example sample set of raw allelic input data for statistical 
analysis using FSTAT.  
 
Sample ID PLGT66 Pml09 Pml10 Pml12 
R 1 0710 0808 1521 0105 
R 5 0622 0812 1113 0709 
R 6 1013 3408 2121 0408 
R 7 1113 0909 0913 0208 
R 8 1012 0909 0000 0000 
R 9 0308 0611 1113 0209 
R 10 0613 1212 0913 0910 
R 11 0111 0606 0913 0909 
R 19 0306 0618 0141 0304 
R 20 1322 0612 1313 0910 
R 21 0613 0206 1313 0910 
R 22 0510 0206 0913 0409 
R 24 1013 0306 1313 0310 
R 25 0306 0608 0101 0305 
R 27 0506 0000 0101 0709 
R 28 0412 0206 1717 0509 
R 29 0613 0206 1313 0910 
R 30 1012 3406 2121 0409 
R 31 1112 0110 0101 0209 
R 33 1314 0206 1515 0309 
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Table 7. FIS is the deficiency in heterozygosity. FIS values were calculated using FSTAT 
(Goudet 2001) for each individual population (from the reference site in 2005 and 2006, 
and the contaminated sites in 2005 and 2006) and for each of the four microsatellite loci. 
FIS = 1 – (HI /HS). HI = average observed heterozygosity, HS = average expected 
heterozygosity estimated from each subpopulation. The more positive the value, the more 
homozygous.  
 
FIS Value 
 PLGT66 
 
Pml09 
 
Pml10 
 
Pml12 
 
Combined 
 
Reference site 2005 
 
-0.114 0.128 0.370 -0.149 0.056 
Reference site 2006 
 
-0.027 0.047 0.100 0.156 0.067 
Glover Site 
 
-0.021 0.000 0.245 0.055 0.070 
Charles A. Bell School 
 
0.107 0.059 0.821 -0.046 0.250 
Calvin Donaldson 
Elementary School 
 
0.092 0.412 0.470 0.196 0.296 
 Dobbs Branch 
 
0.134 0.072 0.187 0.060 0.112 
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Table 8. Summary of data from populations and sites in South Chattanooga that were 
further analyzed by linear regression. FIS values from the present study, and soil 
concentrations of ΣPAH (mg/kg dry weight), BaP (mg/kg dry weight), and sum Toxic 
Equivalency Factor (TEF) values from sampling event 3 in the previous study conducted 
by Hussar (2007).  
 
 FIS ΣPAH BaP  ΣTEF  
Reference site  
 
0.067 1.1 0.1 0.2 
Glover Site 
 
0.070 58.7 7.0 10.7 
Charles A. Bell School 
 
0.250 214.4 22.0 29.2 
Calvin Donaldson 
Elementary School 
 
0.296 27.9 2.1 2.7 
 Dobbs Branch 
 
0.112 35.6 3.0 3.8 
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Table 9. A pairwise FST test was conducted on pairs of populations using FSTAT (Goudet 
2001). The asterisk (*) next to values in the pairwise FST matrix indicate the populations 
were significantly different (value was significantly different from zero), P = 0.00333. 
For example, GS is different from Ref 2005 and Ref 2006. 
 
 Ref 2005 Ref 2006 GS CBS CDED DB24 
Ref 2005 — 0.0222 0.0589* 0.0592* 0.0717* 0.0520* 
Ref 2006  — 0.0601* 0.0934* 0.0722* 0.0916* 
GS   — 0.0396* 0.0724* 0.0547* 
CBS    — 0.1018* 0.0760* 
CDED     — 0.0486* 
DB24      — 
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Table 10. FIS values from P. leucopus at two additional reference sites. *No band data 
were able to be gathered for Pml10 using the additional samples, therefore no FIS values 
were able to be calculated for that marker. 
 
FIS Value 
 PLGT66 
 
Pml09 
 
Pml10* 
 
Pml12 
 
Combined 
 
Reference site 2008 
(Prentice Cooper State 
Forest 1) 
 
-0.044 0.625 NA 0.043 0.207 
Reference site 2008 
(Prentice Cooper State 
Forest 2) 
 
0.116 0.643 NA 0.032 0.247 
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Figure 1. Map of study sites in South Chattanooga, TN and reference sites in northern 
Georgia. The blue line represents Chattanooga Creek. Twenty samples were collected 
from each site. The Glover Site is the combination of sites 1, 2, and 3 from the earlier 
study by Campbell et al. (2006). Twenty samples were collected from each of two 
separate sites in the area labeled references site.  
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Figure 2.  Evidence that mice on contaminated sites are subjected to elevated levels of 
total PAHs and BaP and evidence that exposure is occurring. A: Soil BaP concentrations 
at three sites in South Chattanooga and the Reference Site. B: Enzyme induction 
associated with exposure at contaminated sites. C: Significant difference in total mean 
enzyme induction at the contaminated site (Sites 1,2, and 3 combined) as compared to the 
reference site. D: Correlation of EROD activity to that of total PAH and BaP 
concentrations on Contaminated Site (Campbell 2006). 
 
A B 
C D 
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Figure 3. Molecular mechanism of induction of gene expression by Ah receptor ligands. 
(Denison and Heath-Pagliuso 1998). 
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Figure 4. Examples of immunohistochemically stained BPDE-DNA adducts on slides of 
Peromyscus gossypinus liver tissue from reference sites in northern Georgia and 
contaminated sites in South Chattanooga, TN. A-C: Examples of reference site samples. 
D-F: Examples of contaminated site samples (Glover site).
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Figure 5. An example of microsatellite samples run on the 6% denaturing polyacrylamide 
gel. The individuals with a single band are homozygous, and those with two bands are 
heterozygous. The faint bands that appear under the actual bands are known as “stutter” 
bands; these occur when there is an incomplete replication of the microsatellite region. 
(Reprinted from Leet et al. 2007) 
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Sample ID 
 
Genotype 
 
Figure 6. Example of reference site (2005) microsatellite samples scored on a 6% denaturing polyacrylamide gel. Sample 
identification is at the top of the gel lanes (R1-R33). Each band scored is labeled with an allele designation based on the relative size 
of polymorphism (e.g. number of repeat units).  The larger the size polymorphism, the smaller the allele designation.  Each  increase 
in allele designation corresponds to an incremental decrease in allele size by one repeat unit. The genotype is at the bottom of the gel 
lane. *No allele was scored if a defined band was not present; extremely faint bands could be due to sample contamination or primer 
mispairing. 
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Figure 7. Linear regressions were performed using soil contaminant data from Hussar 
(2007) and the corresponding FIS values for all of the sites. Graphs are presented with 
regression line, 95% and 99% confidence intervals, and R2 values. A. Concentration of 
ΣPAH (mg/kg dry weight) verses FIS values, no significant correlation. B. Concentration 
of BaP (mg/kg dry weight) verses FIS values, no significant correlation. C. ΣTEF verses 
FIS values, no significant correlation. 
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